The stick-slip vibration is a kind of serious vibration which could cause serious damage to downhole tools and decrease the rate of penetration. The root cause of the stick-slip vibration has been analyzed, which indicate that the high reactive torque is the main cause of the bit-related stick-slip vibration, while the nonlinear friction force between the drill string and the borehole is the main cause of the string-related stick-slip. In order to mitigate the stick-slip and improve the ROP, a new type of composite impact drilling tool has been designed, this tool can transfer part of the hydraulic energy to the high frequency axial impact energy and the torsional impact energy to auxiliary to fail the formation. The composite impact could break the stick phase of the bit and decrease the friction force between the drill string and the borehole, which could effectively improve the drilling efficiency and ROP.
Introduction
Efficient drilling has always been highly important in the oil and gas industry. During recent years, the focus on reaching the objectives with minimum cost has gained importance. There are two parts to improve drilling efficiency, how to most efficiency fail the rock and how to most efficiently convert the available energy into the proper mode for failing the rock.
A rotary drilling system supplied with a PDC bit is used to drill deep boreholes for the production and the exploration. Bottom hole measurement shows that PDC bits are subjected to severe oscillations [1] . Stick-slip vibrations are often regarded as one of the most damaging modes of vibration. The stick-slip vibration can fatigues drill collar connections, damages the bit, reduces rate of penetration and incur high cost [2] [3] . Various solutions have been suggested from operational guidelines to complicated control strategies to suppress drilling stick-slip vibration [4] [5] . However, these solutions strongly depend on a proper selection of some operating conditions such as applied WOB and correlations to maximize the ROP. In practice, these solutions should sacrifice the ROP and may cause lateral problems such as backward and forward whirling.
In order to mitigate the stick-slip vibration as well as improve the ROP, a new type of composite impact drilling tool has been proposed and designed.
The Formation of the Stick-slip Vibration and Control Methods

Root Cause Analysis of the Stick-slip Vibration
The term stick-slip is typically used to describe the buildup of potential energy and its subsequent release once the static friction between two contacting surfaces is overcome by an outside force. Stick-slip vibration means two objects in contact alternately appear stick and slip state of motion. In drilling process, the stick-slip mainly includes the stick-slip vibration of PDC bit and the stick-slip vibration between drill string and borehole. We regard the stick-slip vibration of PDC bit as bit-related stick-slip, while regard the stick-slip vibration between drill string and borehole as string-related stick-slip.
(1) Bit-related stick-slip. The PDC bit cuts rocks by the torque transmitted by the drill string. However, when the drill string is too long, torsion stiffness will decrease, which would cause the drill string in downhole rotates very hardly, the dates show that the twist along the drill string from the ground to the bit may be over 20 revolutions for a drill string longer than 20,000 feet [6] . When drilling in hard formation, or drilling pressure suddenly increase, resulting in torque needed to cutting rocks suddenly increase, the energy delivered to the bit by the drill string is not enough to fail the formation, the bit could even stop entirely at the stick phase. Meanwhile the rotary table rotates at a constant speed, the rotary torque provided by the rotary table accumulates in the drill string, when the torque is enough to somehow overcome the reactive torque at the bit/formation interface, the bit starts to rotate, at the point the bit breaks free from the stick phase to the slip phase, the bit speed up with a high acceleration, the peak speed can up to several times than the rotary speed of the table. During the slip phase, the friction and reactive torque would reduce the rotary speed of the bit to 0, back to the stick phase, PDC bit experiences stick-slip vibration. During the slip phase, energy is lost into non-productive modes. , the rotary speed of the rotary table is constant, while the fluctuation of the rotary speed of the bit is serious, the peak speed of the bit is three times more than the speed of the rotary table, while the minimum speed of the bit is zero which means the bit is at the stick phase. The high speed of the bit doesn't play effective role in cutting rock, but it can cause some negative effects, including: 1) Breakage and early failure of the PDC bit. When the bit comes to the slip state, high-speed collision would occur between the cutting edge and rock which would cause the damage of the cutting edge, once the cutters have been damaged, the energy required to fail the formation and maintain sufficient penetration rate become much higher as the efficiency of the bit is compromised [7] . 2) Damage the BHA components, especially the electronic components in the BHA, downhole motors, drill collars and stabilizers [8] . In severe case when the torque in the drill string is released and the string rotates violently, connections can back-off and separate one tubular from another.
From the above, the cause of the bit-related stick-slip includes：1) Increased weigh on the bit; 2) The nonlinear friction between the bit and the formation (2) String-related stick-slip. The axial energy helps aid the diamond shearing effect by actuating the bit and BHA at a high frequency to overcome the stick-slip tendency induced.
The friction between the drill string and the borehole could exhaust amount of WOB. Maximizing load transferred from the surface to the drill bit is the primary goal of improve drill efficiency.
The friction coefficient drops with sliding velocity when the velocity is less than 0.1mm/s, the friction coefficient can increase, remain constant, or decrease with velocity when the velocity is greater than 10mm/s, depending on lubrication [9] .
The mechanism of reducing friction involves axial oscillation. The friction coefficient can be described [9] :
Where 0  is dynamic friction coefficient; 1  is static friction coefficient;  is average sliding velocity; a is friction coefficient decline rate constant Figure 2 . Friction coefficient vs. average sliding velocity.
Fig . 2 represents the friction coefficient decreased with the average sliding velocity. In horizontal wells or in the large extended reach well, the friction is great. For a variety of reasons the drill string may stop moving downward that the drill string is at the stick phase, the friction between the drill string and the borehole would changes to the static friction, while the friction coefficient is the static friction coefficient. The increasing WOB would break the drill string from the stick phase, then the friction coefficient would changes to the dynamic friction coefficient, lead to the friction decrease suddenly, the string would move with a high acceleration. The nonlinear friction would exhaust part of the WOB to overcome the difference between the static friction and the dynamic friction to drive the drill string move downward. Thus the nonlinear friction is the root cause for the string-related stick-slip.
Common Methods for Mitigating Stick-slip.
(1) Bit features Some PDC design characteristics can be used to help mitigate the stick-slip. The purpose of the design is limited the depth-of-cut and the reactive torque. Figure 3 is an example of a PDC bit designed to mitigate the stick-slip which changes the conventional chamfer to the decreased chamfer to decrease the reactive torque. However the limited depth-of-cut would decrease the ROP. (2) Operating parameters In practice, through regulate the operating parameters to mitigate the stick-slip, including the rotary speed and weigh on bit. While within a certain range increasing the rotary speed and decreasing the WOB can mitigate stick-slip [6] . From the Fig 4, we can see when drilling with low RPM and high weigh on bit, the drill string may enter into the stick-slip window. Stick-slip is a typical threshold phenomenon, and it may be enough to increase speed or reduce WOB to avoid the stick-slip window. Decreasing the WOB can decrease the depth-of-cut. However, these methods should sacrifice the ROP, it is not the best way to mitigate the stick-slip. (3) BHA Design The long drill string with low stiffness can lost energy due to vibration and was able to store a large amount of energy when in stick-slip. Thus increase the stiffness of the drill string can mitigate the torsional vibration which can decrease the twist. However it is hard to increase the stiffness of the drill string.
(4) Torsional impact hammer The torsional impact hammer was designed specifically to reduce bit-related stick-slip. This tool is connected directly to the bit, it can create a high frequency rotational impact which can directly transfer to the bit to assist in failing the formation. The additional torsional energy can help the bit to break free from the stick phase. This tool can mitigate the bit-related stick-slip, however this tool cannot resolve the string-related stick-slip.
Analysis of the Principle of the Percussion Drilling
Torsional Impact
The high reactive torque is the main reason for the bit-related stick-slip. The stick-slip of the PDC bit is nonlinear and self-induced and its frequency is determined by inertia and stiffness characteristics of BHA and a long drill string. Conventional stick-slip oscillations are characterized with nearly periodic sticking when the bit stops for some tenths of a second or a few seconds and subsequent speeding-up when its angular velocity rapidly increases by two and more times.
The friction exerts a significant effect on the stick-slip oscillations amplitude. Fig 5 shows the process when use the high frequency torsion impact to assist to fail the formation. At the initial time, the cutting edge is in contact with the rock. When the reactive torque is greater than the torque at the bit, the bit will stop rotating as the Fig 5(a) shows, at this time, if there is a backward torsion impact directly delivered to the bit, the torsional energy would force the bit rotate backward for a certain angle as showed in the Fig 5(b) . The bit would rotate driven by the drill string, while if there is a forward torsion impact transferred to the bit, the bit will rotate forward with a very high acceleration to cut the rock, the addition torsional energy can help the bit break free from the stick phase and assist to fail the rock. t , the bit is at the critical phase, the torsional energy which accumulated in the drill string is enough to overcome the reactive torsion, then the bit starts to rotate with a high acceleration, once the bit rotates, the torsional energy at the bit would releases quickly in a very short time. When the rotary speed of the bit reach peak at the time 1 t , the torque energy has reached the minimum value. After that, the rotary speed of the bit would decrease until 0 at the time 2 t , in this process, the torsional energy at the bit is accumulated. Once the bit is at the stick phase, the rate of accumulation of torsional energy would increase rapidly until the time 3 t , when the torsional energy is enough to overcome the formation. When use the high frequency torsion impact to assist to drilling, if the reactive torque increase suddenly, the bit doesn't need to accumulate the torsional energy to fail the formation, the additional torsional impact can be exerted continuously directly to the bit, while the impact can decrease the friction to the dynamic friction, thus the curve of the variation of torsional energy is close to a straight line. 
Axial Impact
The string-related stick-slip is caused by the nonlinear friction between the drill string and the wellbore.
If there is a high frequency axial up-and-down impact directly imported to the drill string when the drill string is at the stick phase, the stick phase would be broken and the friction coefficient would always be the dynamic coefficient.
The primary benefit of the axial oscillations is that it can push the drill pipe back & forth along its length, reducing friction over a significant portion of the drill string. Fig. 8 represents the process of axial impact. The axial impact offers several key advantages over normal drilling practices: 1) Reduce stick-slip due to axial motion to helping PDC bit overcome the compressive strength of the rock 2) Increase weight transferred to bit by reducing friction caused by the contact between the drill string and the wellbore
Composite Impact Tool
The composite impact tool was designed specifically to reduce the bit-related and string-related stick-slip while drilling with PDC bit. The tool is positioned directly above the PDC bit. It converts part of the hydraulic energy of the drilling fluid to the high frequency torsional and axial impact energy.
Past thinking would not suggest to running an axial pulsation tool with a PDC for fear of damaging the diamond cutters, but this unique design is capable of adjusting the amplitude of the pulse to make it customizable for different bit types. Fig 9 shows the process of composite impact drilling, the impact tool is positioned above the bit and create the torsion impact and axial impact simultaneously. The composite impact tool consists of axial impact section and a torsional impact section. The axial impact section offers the high frequency axial impact. The axial oscillations range from 20-40Hz. Some high pressure hydraulic drives the torsional impact section to create the high frequency torsion impact. This design allows for constant contact between the PDC bit and formation to reduce any stick-slip which could reduce drilling efficiency, and increase WOB transfer to bit.
Principle of Operation
The composite impact tool mainly consists of driven joint, axis of rotation, reverse mechanism, middle joint, axial hammer, torsional impact joint, circle hammer, impact tube, throttle valve and bit anvil (Fig. 10) . High pressure drilling fluid flows into the driven joint from the left of the tool, and would drive the turbine to rotate which would drive the axis of rotation, the axis of rotation then drive the reverse mechanism to rotate. The rotation of the reverse mechanism would change the inlet passage and the outlet passage to drive the axial hammer to reciprocating motion. Then the high pressure drilling fluid would flow downward into the torsional impact joint, part of the fluid flow through the throttle valve, and the other part of the fluid flow into the torsion impact chamber to drive the circle hammer to rotate back and forth.
The axial hammer provides the axial high frequency impact which directly transfers to the drill string, while the circle hammer provides the circle high frequency impact which directly transfers to the bit. Table 1 shows the main performance parameters of the designed composited impact drilling tool. The frequency and the energy can be adjusted to adapt the different formation, the frequency and the energy of the axial impact can be adjusted through changing the number of the turbine and the diameter of the outlet, and the frequency and the energy of the circular impact can be adjusted through changing the diameter of the throttle.
Performance Parameters
Feature of the Tool
The feature of the tool including:
This tool can transfer part of the hydraulic energy to the impact energy to auxiliary to fail the formation, it would not reduce the torque and the WOT delivered from the top.
This tool can provide high frequency circular impact, which directly transfers to the bit. The impact energy can make the bit break free from the stick phase to mitigate the stick-slip vibration. The high frequency impact can avoid the PDC bit from damage and improve the ROP The high frequency axial impact provided by the composite impact tool can directly transfer to the drill string.
Conclusions
The stick-slip vibration mainly includes the bit-related and the string-related stick-slip, which could cause serious negative effect to the ROP and the drilling efficiency. The bit-related stick-slip is caused by the sudden change of the reactive torsion. While the main reason of the string-related stick-slip is the nonlinear friction between the string and the borehole.
When the bit is in the stick-slip phase, a high frequency circular impact which directly transfers to the bit can make the bit break free from the stick phase to mitigate the stick-slip vibration. When the drill string is in the stick-slip phase, a high frequency axial impact which directly transfers to the drill string can reduce the friction between the drill string/BHA and the borehole to mitigate the string-related stick-slip, which typically results in improved drilling performance in horizontal or highly deviated well.
A novel composite impact tool was designed to mitigate the stick-slip vibration, this tool can create the high frequency circular torsion impact and the high frequency axial impact at the same time. This tool is expected to improve ROP and the drilling performance.
